Introduction {#sec1}
============

Selective solvents induce the self-assembly of block copolymers in solution into stable ordered structures. In medical applications, amphiphilic block copolymer micelles assembled in aqueous solutions with a hydrophilic corona block and hydrophobic core block have long been of interest as carriers for drug delivery.^[@ref1]−[@ref7]^ A variety of aqueous micelle systems that sequester poorly water-soluble drugs in the micelle core^[@ref1]−[@ref7]^ or which carry compounds that interact specifically with the core block (e.g., oligonucleotides bound to ionic micelles^[@ref8]^) have been developed for systemic drug delivery and cancer therapy.

In a similar manner, micellar systems assembled in nonpolar solvents have been used as carriers of hydrophilic compounds. Metal salts sequestered into the hydrophilic cores of block copolymer micelles in organic solutions and cast as micellar thin films have been of particular interest for a variety of applications.^[@ref9]−[@ref32]^ Micelles have also been used as carriers of polar small molecule dyes in organic solutions. For example, Il Yoo et al.^[@ref33]^ loaded rhodamine derivatives in PS-*b*-P4VP inverse micelles in toluene and Groβ and Maskos^[@ref34]^ used cross-linked PS-*b*-P2VP nanoparticles in toluene to encapsulate low molecular weight dyes. Star polymer architectures and polyorganosiloxane nanoparticles have also been used for solubilizing low molecular weight dyes in organic phases.^[@ref35]−[@ref37]^

While most of these prior studies have focused on solvents relevant for industrial applications, we hypothesized that block copolymer micelles formed in biocompatible oil phases could be of interest in biomedical applications as carriers for therapeutic molecules, imaging agents, or vaccine adjuvants. Biocompatible oils are found in a variety of medical applications: Important vaccine adjuvants used widely in animal research (e.g., Freund's adjuvant) and in human patients (e.g., MF-59, a vaccine adjuvant in clinical use in the European Union) are based on oils (mineral oil and squalene in the case of Freund's adjuvant and MF-59,^[@ref38],[@ref39]^ respectively). Because of their interaction with lipid membranes, oils have been investigated for drug delivery applications such as transdermal^[@ref40]−[@ref42]^ and oral delivery.^[@ref43]^ Other well-studied oils for biomedical applications include lipiodol, an iodinated fatty acid ethyl ester, used as a imaging contrast agent^[@ref44]^ to target radiotherapy to hepatocellular carcinoma^[@ref45]^ and even for infertility.^[@ref46]^

Although micelles formed by block or branched copolymers could be useful for controlling the loading and release of proteins or other hydrophilic drugs from oil phases relevant to many of the biomedical applications highlighted above, very few studies of micellar systems in biocompatible oil phases for drug delivery have been reported. In the arena of biotechnology, protein loading into surfactant-based inverse micelles has been used as a strategy for extraction/purification of proteins in a variety of organic solvents,^[@ref47]−[@ref56]^ including fatty acids and fatty acid esters.^[@ref55],[@ref56]^ New and Kirby^[@ref57]^ investigated low molecular weight amphiphiles for loading of calcintonin in biocompatible oil phases for oral delivery. Recent work by Jones et al.^[@ref58]^ demonstrated the loading of a peptide, vasopressin, and two proteins, myoglobin and bovine serum albumin, into lipid-modified poly(glycerol methacrylate) star polymers in ethyl oleate.

In this work we focused on micelles formed from a block copolymer system poly(ϵ-caprolactone)-*block*-poly(2-vinyl pyridine) (PCL-*b*-P2VP), containing a biodegradable hydrophobic block (PCL) and a polar, hydrogen bonding block (P2VP). We examined micelle assembly in two different oil phases, toluene (as a model volatile nonpolar solvent), and oleic acid, a naturally occurring fatty acid. Oleic acid is a biocompatible oil used in oral drug delivery,^[@ref43],[@ref59]−[@ref63]^ buccal delivery,^[@ref64]^ transdermal drug delivery,^[@ref40]−[@ref42],[@ref65]^ and as a vaccine adjuvant.^[@ref66]^ PCL-*b*-P2VP micelles in toluene were characterized by atomic force microscopy (AFM) and dynamic light scattering. The structure of the block copolymer in oleic acid was studied via cryogenic transmission electron microscopy (cryoTEM). Notably, we observed different micellar structures in the two solvents used here. In toluene, the micelles consist of P2VP cores with PCL corona, while in oleic acid our results suggest PCL blocks compose the micelle core with P2VP forming the corona. Two proteins, ovalbumin (ova) and bovine serum albumin (BSA), were loaded into the organic phase micelles. When the protein-loaded oleic acid phase is placed in contact with an aqueous reservoir, sustained release of protein back into aqueous solution is maintained over a period of ∼30 h. These results highlight the potential of block copolymers as carriers for sustained release of hydrophilic drug cargos from biocompatible oils.

Experimental Section {#sec1.1}
====================

Materials {#sec1.2}
---------

Poly(ϵ-caprolactone)-*block*-poly(2-vinyl pyridine) (PCL-*b*-P2VP) diblock copolymer \[*M*~n~ (PCL) = 35400 g/mol, *M*~n~ (P2VP) = 20900 g/mol, copolymer PDI (*M*~w~/*M*~n~) = 1.8\], PCL homopolymer \[*M*~n~ = 33000 g/mol, PDI = 1.7\], P2VP homopolymer \[*M*~n~ = 22000 g/mol, PDI = 1.09\] and their molecular characterization data were purchased from Polymer Source, Inc. Toluene and gold(III) chloride trihydrate were obtained from Sigma-Aldrich. Phosphate buffered saline (PBS) was purchased from VWR International. Ovalbumin, texas red (ova-TR) conjugate, bovine serum albumin, texas red (BSA-TR) conjugate, NuPAGE LDS sample buffer, MES SDS running buffer, BenchMark prestained protein ladder, and 10% Bis-Tris gels were obtained from Invitrogen. All aqueous solutions were made using deionized (DI) water (\>18 MΩ cm, Millipore Milli-Q). Oleic acid was obtained from EMD Chemicals and \[methyl-C^14^\] methylated ovalbumin (ova-C^14^) was purchased from American Radiolabeled Chemicals, Inc. Hionic-Fluor scintillation cocktail was obtained from Perkin-Elmer. All chemicals were used as received. Quantifoil R1.2/1.3 holey carbon-coated copper TEM grids were obtained from Ted Pella, Inc. Silicon nitride window TEM grids were obtained from Structure Probe, Inc.

Preparation of Polymer Solutions {#sec1.3}
--------------------------------

Toluene or oleic acid was added to polymer powder to form a 10 g/L polymer solution. The solution was heated in a sealed vial at 70 °C for 2 h with periodic agitation to fully dissolve the polymer. Polymer solutions were then allowed to cool to room temperature for 16 h. Toluene copolymer solutions were centrifuged for 30 s at 14000*g* before use. No precipitates or sediments were observed in these solutions. Dilutions as needed were made from these stock solutions.

Atomic Force Microscopy (AFM) {#sec1.4}
-----------------------------

Imaging was performed on a Digital Instruments Dimension 3000 Nanoscope IIIA scanning probe microscope using a silicon RTESP cantilever (tip radius \<10 nm) from Veeco Instruments operating in tapping mode. Micelle diameter and height were determined using linescan analysis of AFM images with NanoScope Software v5.30. To create samples for imaging, 50 μL of 0.01 g/L polymer solution in toluene were pipetted onto a silicon substrate and spin-cast at 2500 rpm for 60 s with a ramp time of 1 s. Samples were then dried under vacuum for at least 12 h at 25 °C prior to imaging. For cavitation, micelle-coated substrates were placed in 20 mL of PBS for 16 h, rinsed briefly with DI water to help remove residual salt from the surface and dried under vacuum for at least 12 h at 25 °C prior to AFM imaging.

Dynamic Light Scattering (DLS) {#sec1.5}
------------------------------

DLS experiments were performed using a Brookhaven BI-200SM light scattering system (514 nm argon laser) at a measurement angle of 90°. Samples (three independent solutions per condition) were measured for 5 min with a polymer concentration of 0.1 g/L in toluene. Number average diameters are reported.

Cryogenic Transmission Electron Microcopy (cryoTEM) {#sec1.6}
---------------------------------------------------

CryoTEM was performed to characterize the morphology of micelles in oleic acid. Oleic acid controls without polymer were also examined. A thin film of oleic acid polymer solution was spin cast onto a silicon substrate at 4000 rpm with a 1 s ramp time. A Quantifoil R1.2/1.3 holey carbon-coated copper grid was treated in an oxygen plasma for 30 s and then gently placed into contact with the thin film to transfer oleic acid polymer solution to the TEM grid. The grid was plunged into liquid nitrogen, vitrifying the solution. The grid was then directly loaded into a JEOL 2200FS TEM using a Gatan 626 cryo-specimen holder at liquid nitrogen temperature, and imaged using 200 kV accelerating voltage with a 185 μA emission current. TEM images were recorded at a magnification of 40000× on a slow-scan CCD camera (Gatan, Inc.).

Loading of Metal Salt in PCL-*b*-P2VP Micelles in Toluene {#sec1.7}
---------------------------------------------------------

Gold(III) chloride trihydrate solid was added to a 10 mg/mL toluene solution of PCL-*b*-P2VP and mixed on a vortexer at 200 rpm for 16 h. The micelle solution was then decanted from the remaining gold salt and centrifuged for 30 s at 14000*g*. Thin films were then cast onto silicon nitride TEM window grids at 2000 rpm with a 1 s ramp. TEM imaging was performed on a JEOL 200CX operating at 200 keV.

Loading of Proteins in PCL-*b*-P2VP Micelles {#sec1.8}
--------------------------------------------

To load protein into PCL-*b*-P2VP, 50 μL of 10 g/L protein (ova-TR, BSA-TR, ova-C^14^) was agitated on a vortexer at 200 rpm for 72 h with 1 mL of 10 g/L of polymer solution in oleic acid or toluene in a 1.5 mL microcentrifuge tube at 25 °C. The mixture was then centrifuged to separate the oil and aqueous phases. Oleic acid solutions were centrifuged for 15 min at 14000*g*, while toluene solutions were centrifuged for 30 s at 14000*g*. Ova-C^14^ was diluted between 10:1 and 50:1 with nonlabeled ova for loading experiments. Control experiments with no polymer, PCL homopolymer and P2VP homopolymer were also performed. Protein concentrations in each solution were determined using a Molecular Devices Spectramax M2^e^ fluorescence plate reader with an excitation and emission wavelength of 584 and 612 nm, respectively. Fluorescence was converted to protein mass/concentration using standard curves prepared from PBS solutions containing 1% BSA and ova-TR in known serial dilutions; this assay was very sensitive and readily detected ova levels down to 10 ng/mL protein. Ova-C^14^ concentrations were measured with a Packard Top Count NXT microplate scintillation counter using Hionic-Fluor scintillation cocktail.

Release of Ova-TR into PBS Reservoirs by Static Incubation {#sec1.9}
----------------------------------------------------------

Protein release was investigated by gently layering 100 μL of oleic acid or toluene polymer solution loaded with ova-TR (10 mg/mL polymer, 0.29 mg/mL ova-TR) on top of 1 mL of PBS with 1 wt %/v BSA in a 1.5 mL microcentrifuge tube or 5 mL of PBS/BSA in 15 mL polypropylene centrifuge tubes and incubating the quiescent two-phase system at 37 or 25 °C. The oil/aq phase interfacial area during release was ∼0.64 cm^2^ for the 1 mL aq reservoir studies and ∼1.77 cm^2^ for the 5 mL aq reservoir experiments. At various times, aliquots of both phases were taken and their protein concentration determined by fluorescence spectrometry as described above. The oil phase was first removed before an aliquot of the aqueous phase was taken. Individual samples were used only for a single time point and each time point was assayed in quadruplicate. The solutions were not mixed during the release experiment. Samples were kept in the dark throughout the experiments.

SDS PAGE of Ova-TR {#sec1.10}
------------------

Ova-TR was released from oleic acid micelle into a PBS reservoir without BSA. Aliquots were taken after 24 h, and samples were prepared with NuPAGE LDS sample buffer under reducing conditions. Bis-Tris 10% gels with MES SDS running buffer were used at 100 V for 70 min. Staining was performed using a SilverSNAP II stain kit according to the manufacturer's instructions.

Results and Discussion {#sec2}
======================

Characterization of PCL-*b*-P2VP Self-Assembly in Toluene {#sec2.1}
---------------------------------------------------------

We first examined micelle formation of PCL-*b*-P2VP in toluene. Toluene is not itself a biocompatible organic phase, but rather serves as a model nonpolar organic phase for analysis of PCL-*b*-P2VP micelle formation and enabled comparison of the properties of this block copolymer with a number of other micelle-forming copolymers that have been extensively characterized in toluene by our group and others. Self-assembly in toluene has been studied for a variety of block copolymers, most notably poly(styrene-*block*-X-vinylpyridine)^[@ref28],[@ref67],[@ref68]^ (PS-*b*-PXVP; X = 2 or 4) and our own previous work with polystyrene-*block*-poly(acrylic acid)^[@ref9],[@ref16],[@ref69]^ (PS-*b*-PAA). Toluene is a selective solvent for the PS block and leads to inverse micelle formation for these amphiphilic block copolymers. Block copolymer micellar films can be cast onto substrates from volatile solvents, unlike low molecular weight surfactant micelles, due to the slower exchange kinetics of individual molecules with micelles in solution.^[@ref70]^ The micelle morphology is kinetically trapped in the final thin film upon solvent evaporation, even in cases for which the copolymer composition would suggest a transition to a different equilibrium heterogeneous phase. Recently, Chan et al.^[@ref71]^ demonstrated the formation of PCL-*b*-P4VP spherical micelles with a PCL corona and P4VP core in a 90/10 v/v solvent mixture of toluene and dichloromethane (DCM). The polymer was first dissolved in DCM, a good solvent for both blocks, and then toluene (a poor solvent for P4VP) was added to induce the formation of ordered structures in solution with a PCL corona.

Here we also used toluene as a preferential solvent for PCL to create ordered structures of a similar polymer, PCL-*b*-P2VP. All of the studies carried out here used a block copolymer with molecular weights of 35.4 kg/mol for the PCL block and 20.9 kg/mol for the P2VP block. AFM images of PCL-*b*-P2VP micelles spin-cast from toluene onto silicon substrates were collected and dynamic light scattering was performed to measure the hydrodynamic diameter. Figure [1](#fig1){ref-type="fig"}A and B show an AFM height and corresponding phase image of PCL-*b*-P2VP micelles cast from toluene. By spin-casting at high speed from dilute (0.01 g/L) solutions, we were able to create films where individual micelles were easily visible with separation distances between adjacent micelles of several hundred nanometers. Line scans through individual micelles (e.g., Figure [1](#fig1){ref-type="fig"}C) were analyzed to determine the distribution of micelle heights and diameters (Table [1](#tbl1){ref-type="other"}). The block copolymer had a PDI of 1.8 and we also observed significant polydispersity in the size of the micelle assemblies. With an average diameter of 103 ± 32 nm and average height of 5.6 ± 2.4 nm, the micelles in the images are spherical structures that have flattened out on the surface upon casting/drying. When imaging spherical particles, AFM image analysis overestimates the particle diameter but provides accurate height data because of tip geometry.^[@ref72],[@ref73]^ However, because the micelles are flattened (5.6 nm height vs 103 nm diameter) and have a height of only about one-half of the AFM tip radius, the error in estimated diameter due to tip size is negligible.

![PCL-*b*-P2VP micelles cast from toluene on silicon: (A) AFM height image and (B) corresponding phase image of as-cast micelles; (C) height cross-section of as-cast individual micelle; (D) height image and (E) corresponding phase image of micelles after treatment in PBS for 16 h; and (F) height cross-section showing cavitated morphology of micelles after PBS treatment. Height scales are 20 nm and phase scales are 50°.](bm-2008-00913r_0001){#fig1}

###### Micelle Size Determination and Analysis by DLS and AFM for As-Assembled Micelles and Ova-TR Loaded Micelles in Toluene[a](#tbl1-fn1){ref-type="table-fn"}

  micelle solution   hydrodynamic diameter (*D*~H~; nm)   diameter (dry state AFM; nm ± SD)   height (dry state AFM; nm ± SD)   core diameter (nm)   corona thickness (δ; nm)   δ/nl cos θ   δ/(α^2^C~∞~nl^2^)^1/2^
  ------------------ ------------------------------------ ----------------------------------- --------------------------------- -------------------- -------------------------- ------------ ------------------------
  as-assembled       154                                  103 ± 32                            5.6 ± 2.4                         28                   63                         0.24         3.7
  ova-TR loaded      157                                  104 ± 27                            5.8 ± 1.7                         28                   65                         0.24         3.8

Number average hydrodynamic radius (*D*~H~) measured by DLS. Diameter and height from AFM image analysis. Core diameter, corona thickness, fully extended chain length (nl cos θ) and RMS end-to-end distance (α^2^C~∞~nl^2^)^1/2^ are calculated as discussed in the [Supporting Information](#si1){ref-type="notes"}.

Though both PCL and P2VP homopolymers are soluble to at least 10 mg/mL in toluene, based on the prior studies of P2VP block copolymers and the Chan et al. study of PCL-*b*-P4VP, we expected that toluene would preferentially solvate PCL, such that P2VP would form the core of PCL-*b*-P2VP micelles assembled in toluene. Because the homopolymer solubility data did not clearly suggest the micellar structure, we turned to a micelle-swelling assay to confirm the organization of the micelles. We previously demonstrated the ability to induce rearrangement ("cavitation") of dried substrate-supported polystyrene-*block*-poly(acrylic acid) (PS-*b*-PAA) inverse spherical micelles upon treatment with aqueous solutions.^[@ref16]^ Briefly, when inverse micelles cast and dried on substrates are exposed to a selective solvent for the core polymer block, such as aqueous solutions, the hydrophilic micelle core swells and fractures the glassy PS corona. We subsequently studied this process in more detail^[@ref69]^ and others have reported similar behavior for polystyrene-*block*-poly(2-vinyl pyridine) (PS-*b*-P2VP) micelles.^[@ref74],[@ref75]^ We have also observed this rearrangement in PS-*b*-P2VP.^[@ref76]^ In the present case, dried micelle coronas would be composed of a rubbery semicrystalline PCL block (*T*~g~ = −60 °C, *T*~m~ = 60 °C). We observed a similar cavitation process for PCL-*b*-P2VP micelles cast onto silicon and exposed to PBS for 16 h. Figure [1](#fig1){ref-type="fig"}D and E are AFM height and phase images showing the polymer rearrangement upon treatment in PBS buffer which selectively swells the P2VP core block. The rearrangement is difficult to observe in the height image due to the relatively small cavity depth compared to the overall micelle height. However, micelle reorganization is clearly observed in the phase image (Figure [1](#fig1){ref-type="fig"}E) and micelle height cross section (Figure [1](#fig1){ref-type="fig"}F). The cavity width and depth is underestimated by the AFM due to the similar dimension of the cavity with the AFM tip. Cavitation of the micelles on exposure to aqueous solutions is consistent with P2VP forming the core of the micelle structures. In addition, similar to work done previously in our own laboratory^[@ref9]−[@ref16]^ and others,^[@ref17]−[@ref32]^ we exploited the interaction of vinylpyridine groups with metal salts to successfully load gold salts into the core of the PCL-*b*-P2VP micelles as confirmed by TEM imaging (data not shown). These data collectively support the conclusion that P2VP forms the core of PCL-*b*-P2VP micelles assembled in toluene.

The PCL-*b*-P2VP micelles in toluene had a number average hydrodynamic diameter of 154 nm as determined by DLS (Table [1](#tbl1){ref-type="other"}). This result can be compared to the AFM image data: first, AFM image analysis provides an average particle volume (*V*~micelle~) by approximating the dried micelles as spherical caps on the substrate where *h* and *D* are the height and diameter of the micelles measured by AFM.

Combining this total dry-state micelle volume with our DLS results, certain molecular-level length scales can then be calculated readily (see [Supporting Information](#si1){ref-type="notes"} for details) to provide internal checks on the micellar size and proposed molecular organization (Table [1](#tbl1){ref-type="other"}). The ratios of the calculated corona thickness (δ) to the fully extended chain length (nl cos θ) and rms end-to-end distance (α^2^C~∞~nl^2^)^1/2^ correlate well with what others have observed for spherical micelles^[@ref77]−[@ref85]^ and are consistent with the proposed P2VP core/PCL corona micelle structure in toluene.

Characterization of Block Copolymer Self-Assembly in Oleic Acid {#sec2.2}
---------------------------------------------------------------

For drug delivery applications, we assessed PCL-*b*-P2VP solution behavior in oleic acid, a biocompatible natural fatty acid with very different physical properties compared to toluene. Though oleic acid is comprised of a long nonpolar alkyl chain, the acid endgroup of oleic acid enables hydrogen bonding between oleic acid molecules and between oleic acid and dissolved solutes. Oleic acid is a high viscosity, high boiling point liquid, which precludes AFM imaging of dried substrate-supported micelles, as seen above in toluene, because the solvent evaporation rate is too low. To visualize the polymer assembly in solution we turned to cryogenic transmission electron microscopy (cryoTEM). CryoTEM is a technique that relies upon solvent vitrification to trap molecular and morphological conformations and allow direct imaging of the in situ state of structures in liquids. This technique has been widely applied to aqueous systems, but has found more limited application for continuous oil phases, as recently reviewed.^[@ref86]^ Difficulties in sample preparation include problems in applying a thin film to a TEM grid, particularly for high viscosity solvents, finding a suitable cryogen that is not soluble in the oil phase and imaging vitrified solvents that are often more susceptible to electron beam damage and provide lower contrast compared to aqueous solutions.^[@ref86],[@ref87]^

Here we were able to overcome these difficulties to image PCL-*b*-P2VP in oleic acid. Figure [2](#fig2){ref-type="fig"}A shows a representative cryoTEM image of the spherical structures formed by the copolymer in oleic acid. We analyzed an extensive series of cryoEM images to obtain an average particle size and size distribution presented in Figure [2](#fig2){ref-type="fig"}B, with arrows indicating the average micelle size. The average micelle size was 144 nm with a standard deviation of 59 nm for 262 particles imaged. The particle size is similar to that observed for micelles in toluene and, again, we see significant polydispersity. However, unlike toluene, homopolymer solubility data suggest micelles assemble with a PCL core and a P2VP corona: P2VP homopolymer is soluble in oleic acid at 25 °C, while PCL homopolymer is only soluble above 60 °C and precipitates upon cooling. Both homopolymers tested had a similar *M*~n~ to their respective blocks in the copolymer. P2VP hompolymer solubility might be attributed the strong hydrogen bonding character of the nitrogen heteroatom.^[@ref88]^

![(A) Cryogenic transmission electron microscopy of PCL-*b*-P2VP micelles in oleic acid. (B) Histogram of particle size distribution for as-assembled and ova-TR loaded micelles. Black and white arrows indicate average micelle size for as-assembled and ova-TR loaded micelles, respectively.](bm-2008-00913r_0002){#fig2}

Loading of Ovalbumin and Bovine Serum Albumin in Micelles {#sec2.3}
---------------------------------------------------------

To determine whether PCL-*b*-P2VP micelles could load proteins into organic phases, we chose ovalbumin (ova; 45 kDa, pI = 4.5) and bovine serum albumin (BSA; 67 kDa, pI = 4.8) as model globular proteins cargos. We quantified protein loading into micelle-containing toluene or oleic acid using fluorescently labeled conjugates of ova (ova-TR) and BSA (BSA-TR) as well as a radiolabeled ova (ova-C^14^) conjugate. Micelles were loaded by mixing 1 mL of 10 g/L micelle solution in toluene or oleic acid with 50 uL of 10 g/L protein solution in PBS. Solutions were centrifuged to separate the aqueous and oil phases after 72 h.

In toluene, loadings of 5.7% wt/wt (weight of protein/weight of P2VP) were achieved for ova and 3.0 wt %/wt for the higher MW BSA in block copolymer solutions (Table [2](#tbl2){ref-type="other"}). Experiments with P2VP homopolymer, PCL homopolymer, and pure toluene revealed negligible loading of protein into the toluene phase. These results demonstrate the importance of the block copolymer micelle structure for the solubilization of protein for the case of toluene, a highly nonpolar solvent, as the organic phase.

###### Loading of Ovalbumin (ova) or Bovine Serum Albumin (BSA) into Polymer Solutions in Toluene or Oleic Acid[a](#tbl2-fn1){ref-type="table-fn"}

                              OVA-TR       OVA-C^14^    BSA-TR                                     
  ------------ -------------- ------------ ------------ ------------- ------------ --------------- -----------
  oleic acid   PCL-*b*-P2VP   7.8 ± 0.79   290 ± 29     6.5 ± 2.5     241 ± 92.5   1.9 ± 0.68      70 ± 25
  oleic acid   PCL            insoluble                 n.d.                       insoluble        
  oleic acid   P2VP           1.9 ± 0.22   190 ± 22     n.d.                       0.70 ± 0.041    70 ± 4.1
  oleic acid   no polymer                  4.8 ± 0.5    0.16 ± 0.19   5.9 ± 7.0    0.039 ± 0.004   3.9 ± 0.4
  toluene      PCL-*b*-P2VP   5.7 ± 1.8    211 ± 66.6   n.d.                       3.0 ± 0.32      111 ± 12
  toluene      PCL            \<0.01       \<1.0        n.d.                       \<0.01          \<1.0
  toluene      P2VP           \<0.01       \<1.0        n.d.                       \<0.01          \<1.0
  toluene      no polymer     \<0.01       \<1.0        n.d.                       \<0.01          \<1.0

Loading experiments used 10 mg/mL polymer solutions. Protein weight loadings in the polymer solutions are in % wt/(wt of P2VP) for PCL-*b*-P2VP and P2VP homopolymer, and % wt/(wt PCL) for PCL homopolymer. n.d. = not determined.

For block copolymer solutions in oleic acid, loadings of 7.8 wt %/wt (weight of protein/weight of P2VP) and 1.9 wt %/wt were achieved for ova and BSA, respectively (Table [2](#tbl2){ref-type="other"}). An ova-TR loading of 7.8 wt %/wt corresponds to transfer of 58% of the ova-TR originally in the aqueous phase into the oleic acid phase by the block copolymer. This degree of protein loading into PCL-*b*-P2VP micelles appeared to be saturating, as experiments using 100 μL of 10 g/L protein solution in PBS did not result in higher amounts of protein being retained in the oil phase. Loading of ovalbumin with fluorescent or radioactive labels showed similar results. As described above, PCL homopolymer is insoluble in oleic acid at room temperature, precipitating upon cooling from 70 °C. Oleic acid from which PCL homopolymer had precipitated and pure oleic acid were unable to solubilize ova or BSA. However, P2VP homopolymer solutions in oleic acid incorporated 1.9% (wt/wt P2VP) ova-TR or 0.70% (wt/wt P2VP) BSA-TR. These results suggest that interactions between oleic acid, P2VP, and the protein support solubilization of ova in the oleic acid phase. Surfactants,^[@ref89]^ including oleic acid^[@ref90]^ and sodium oleate,^[@ref91],[@ref92]^ have previously been shown to interact with proteins through a process known as hydrophobic ion pairing^[@ref93]−[@ref95]^ that can increase protein solubility in an organic phase. This provides a possible mechanism for interaction between ova and oleic acid. But here we observed insignificant loading in pure oleic acid, demonstrating the importance of P2VP.

Because PCL-*b*-P2VP micelles in oleic acid consist of a P2VP corona and PCL core, the observed P2VP homopolymer loading and PCL insolubility suggest that it is the corona of the block copolymer micelles that is sequestering protein in the oleic acid/block copolymer system. The PCL core is insoluble in both oleic acid and water at room temperature, implying that no significant protein loading can be accommodated. To the best of our knowledge, this is the first demonstration that in continuous oil phases, drug (or protein) cargo loading can occur in the *corona* of block copolymer micelles, as opposed to the more common situation of solute loading in the core of micelles. These results with PCL-*b*-P2VP demonstrate the ability of block copolymers to solubilize protein into either the core or the corona of micelles assembled in organic phases, depending on the balance of interactions between blocks, solvent, and protein.

Characterization of Micelles Loaded with Ovalbumin in Toluene or Oleic Acid {#sec2.4}
---------------------------------------------------------------------------

To determine if loading of protein had any effect on the micelle morphology, we characterized the structure of PCL-*b*-P2VP micelles in both toluene and oleic acid after loading of ova-TR. AFM imaging of micelles loaded with ova-TR (Figure [3](#fig3){ref-type="fig"}A) cast from toluene onto silicon showed the same spherical morphology (compare to Figure [1](#fig1){ref-type="fig"}A), and image analysis led to almost identical average dimensions and size distributions (Table [1](#tbl1){ref-type="other"}). In line with the AFM results, DLS experiments gave a hydrodynamic radius of 157 nm for the protein loaded micelles compared to 154 nm for the as-assembled micelles. Each of the characterization techniques indicates that the loading of protein did not have a significant influence on the morphology, size, and size distribution of PCL-*b*-P2VP micelles in toluene. This is consistent with the relatively low weight fraction of protein sequestered within each micelle core.

![(A) AFM height image of PCL-*b*-P2VP micelles loaded with ova-TR cast from toluene on silicon. Height scale is 20 nm. (B) Cryogenic transmission electron microscopy image of a PCL-*b*-P2VP micelle loaded with ova-TR in oleic acid.](bm-2008-00913r_0003){#fig3}

CryoTEM of ova-loaded micelles in oleic acid showed that the spherical morphology of PCL-*b*-P2VP micelles was unchanged by protein loading, and analysis resulted in a similar average size and size distribution (Figure [3](#fig3){ref-type="fig"}B, size histograms overlaid in Figure [2](#fig2){ref-type="fig"}B): The average protein-loaded micelle size is 166 ± 44 for 34 particles imaged. The increase in average micelle size of 22 nm is relatively small compared to the distribution of sizes and may be a result of the small number of loaded micelles that were able to be imaged or may reflect a small increase in micelle dimensions following protein loading.

Summarizing these observations, we propose the following mechanism for micelle loading of protein in our experiments (Figure [4](#fig4){ref-type="fig"}): in solution single block copolymer chains, or unimers, exchange with the micelle assemblies.^[@ref70]^ The P2VP block of the unimer in solution complexes protein, which is then shuttled into a micelle assembly, thereby loading the protein into the micellar structure. This unimer shuttling process sequesters protein molecules into the micelle, regardless of the location of the P2VP block, that is, in the micelle core or corona. When a copolymer molecule leaves the micelle, the protein remains behind, cooperatively associating itself favorably with the P2VP blocks in the micellar structure. The block copolymer is able to load significantly more ova per unit weight of P2VP compared to P2VP homopolymer, showing the importance of the micelle structure for protein loading. For homopolymer solutions, protein would be solubilized by interacting with individual P2VP chains, or groups of P2VP chains that would entropically prefer to be dispersed rather than aggregated. In contrast, protein solubilization would be supported in the micelle case by the ability of multiple neighboring P2VP chains anchored to the micelle core to cooperatively interact with ova. We hypothesize that the increased potential for cooperative action of multiple P2VP chains in promoting solubilization of each protein molecule is the key to the difference between the homopolymer and block copolymer solutions.

![Schematic models for PCl-*b*-P2VP micelle structure and protein loading in toluene and oleic acid.](bm-2008-00913r_0004){#fig4}

Release of Ovalbumin from PCL-*b*-P2VP Micelles in Oleic Acid {#sec2.5}
-------------------------------------------------------------

We hypothesized that micelles in biocompatible oils could serve as depots for sustained release of proteins or other drug compounds from oil phases into extracellular fluids in various applications such as topical or oral drug delivery. To investigate the release of protein from micelles we measured the exchange of protein between an oleic acid block copolymer solution loaded with ova-TR and an aqueous reservoir of PBS with 1% BSA. Oleic acid (100 μL) containing 10 g/L PCL-*b*-P2VP loaded with ova-TR (29 ug ova total) was gently layered over 1 mL of an aqueous reservoir (PBS with 1% BSA) in a 1.5 mL microcentrifuge tube, and protein transfer into the aqueous phase during static incubation at 37 °C was recorded over time via fluorescence measurements. Similar to prior studies of small molecule or protein transfer between micelles or nanoparticles in an organic and an aqueous reservoir,^[@ref34],[@ref36],[@ref37]^ we carried out these experiments under static conditions, to avoid emulsification of the oil phase into droplets in the aq phase, which would be expected to dramatically alter the release kinetics and might not accurately reflect the behavior of, for example, topically applied oil. (However, some mixing of oil with surrounding interstitial fluid would undoubtedly occur during in vivo applications, which could lead to differences between in vivo release rates and these idealized measurements.) The release profile of ova-TR from the inverse micelle in oleic acid is shown in Figure [5](#fig5){ref-type="fig"}A.

![(A) Release of ova-TR from 100 μL of oleic acid/PCL-*b*-P2VP micelle solution layered over 1 mL of a 1% BSA in PBS pH 7.4 reservoir at 37 °C upon static incubation measured by fluorescence. Error bars represent the std dev of four independent fluorescence measurements. "Oleic acid phase" and "aqueous phase" denote protein measurements on the loaded polymer micelle solution and aqueous reservoir solution, respectively. "Oleic acid phase alone" denotes an ova-loaded copolymer micelle solution in oleic acid that was incubated without addition of an aqueous reservoir. *M*(*t*) is the mass of ova-TR in the indicated phase at time *t*, *M*~0~ is the initial mass of ova-TR in the oleic acid phase. (B) Kinetics of ova release from 100 μL of PCL-*b*-P2VP micelles in oleic acid layered over 5 mL of a 1% BSA in PBS aqueous reservoir. (C) SDS PAGE of ova-TR release from oleic acid block copolymer solution into PBS reservoir (no BSA present in reservoir). Lanes: (1) ova-TR released from block copolymer oleic solution; (2) ova-TR stock solution; and (3) protein ladder. The band just above the location of ova-TR in lanes 1 and 2 represents ∼49 kDa standard, and the band just below represents ∼37 kDa standard.](bm-2008-00913r_0005){#fig5}

Release of ova-TR from the micelle phase reached 80% of the maximum released by 12 h and 90% of the maximum by 25 h. The amount of ova-TR in the oleic acid phase dropped to 2% of initial loading by the 72 h time point, however, the amount of ova-TR released into the aqueous phase at the 72 h time point was only 30% of the initial loading (*M*~0~). A series of control experiments was carried out to understand the source of this protein loss. Ova-TR standard solutions in PBS with 1% BSA were completely stable over this time course (data not shown). However, ova-TR-loaded micelles in oleic acid incubated in the absence of an aqueous phase ("oleic acid phase alone", Figure [5](#fig5){ref-type="fig"}A) showed a loss of ova-TR over time, with only 21% of the originally loaded protein remaining at the 72 h time point. Three potential mechanisms for protein loss from the oleic acid phase are (i) protein adsorption to the walls of the centrifuge tube in the oil phase, (ii) slow aggregation of protein in the micelle phase, or (iii) protein aggregation at the oleic acid−water interface. To distinguish between these possibilities, experiments measuring release of ova-TR from different volumes of oleic acid/micelle solutions into fixed volumes of aqueous phase in the same microcentrifuge tubes were performed. In this setup, the oil phase/tube wall interfacial area was steadily increased while the oil/aqueous reservoir interfacial area was held constant. We observed that the amount of ova-TR signal loss scaled linearly with the amount of oleic acid micelle solution volume (data not shown). This suggests that protein lost from the organic phase was either due to adsorption on the tube walls or aggregation within the oil phase, rather than protein aggregation at the oleic acid−water interface. To determine whether the lack of medium exchanges providing rigorous "sink" conditions was responsible for the kinetics of release observed and to gain more insight into the potential mechanisms of protein loss observed, we repeated these release kinetics measurements using a larger aqueous reservoir. The same oil/polymer phase volume of 100 μL was layered over 5 mL of aq phase (50-fold greater than the oleic acid phase volume) in larger 15 mL centrifuge tubes that increased the aqueous phase/oil phase interfacial area by 2.8-fold and decreased the oil phase/tube wall interface by 2.8-fold. Under these conditions, protein release was faster but still sustained over ∼12 h (Figure [5](#fig5){ref-type="fig"}B). Notably, minimal protein loss was observed under these conditions, with protein transfer to the aq. phase plateauing at ∼93% of the quantity originally loaded into the micelle/oil phase. In summary, protein is released more quickly when the oil phase is contacted with a larger aqueous reservoir, but protein loss due to adsorption to the tube walls is suppressed.

We also confirmed the transfer of protein into aqueous phase reservoirs lacking BSA by SDS PAGE analysis (Figure [5](#fig5){ref-type="fig"}C). Importantly, ova-TR release from the block copolymer oil phase showed no signs of aggregation/oligomerization but migrated at a slightly higher molecular weight compared to the ova-TR standard solution, which may reflect some residual association of oleic acid molecules with release protein. The kinetics of ova-TR release from P2VP homopolymer in oleic acid (data not shown) were similar to block copolymer solutions, suggesting a similar release mechanism from PCL-*b*-P2VP and P2VP homopolymer solutions. The key advantage of the block copolymer structure compared to homopolymer P2VP is thus the increased loading of protein into the organic phase achieved per mass of P2VP.

To compare to our oleic acid release data, we measured the release of ova-TR from PCL-*b*-P2VP micelles in toluene. The same experimental setup and geometry as above was used, but due to the volatile nature of toluene, we ran experiments at 25 °C to limit the effect of toluene evaporation on the results (Figure [6](#fig6){ref-type="fig"}). Ova-TR release was complete after ∼100 h, slower than the release kinetics observed for micelles in oleic acid at 37 °C. These release kinetics are similar to what we observed for release of ova-TR from micelles in oleic acid at 25 °C (data not shown).

Conclusions {#sec3}
===========

We characterized the self-assembly of PCL-*b*-P2VP block copolymers in both toluene and a pharmaceutically relevant solvent, oleic acid, and analyzed the loading of two model globular proteins into micelles formed in each of these solvents. In nonpolar toluene, PCL-*b*-P2VP formed spherical micelles (∼150 nm diam.) with a P2VP core and PCL corona, while in oleic acid, the data suggest that micelles (∼150 nm diam.) with a PCL core and P2VP corona were formed. Both ovalbumin and bovine serum albumin could be loaded into micelles in either solvent, demonstrating the ability of PCL-b-P2VP micelles to sequester protein into a P2VP core or P2VP corona in organic phases. Notably, block copolymer micelles formed in oleic acid, where protein was sequestered in the P2VP corona, obtained the highest level of protein loading (∼8 wt %/(wt P2VP)). On contact of these protein-loaded oleic acid/block copolymer solutions with an aqueous reservoir, transfer of protein from the oil phase back into aqueous solution was sustained for 12−30 h. This work illustrates the potential of block copoly-mer micelles assembled in biocompatible oils to serve as car-riers for sustained release of hydrophilic macromolecular cargos.

![Release of ova-TR from PCL-*b*-P2VP micelles in toluene into an aqueous reservoir of PBS with 1 wt %/v BSA during static incubation in an microcentrifuge tube. Data points represent the amount of ova-TR in the aqeuous reservoir and are normalized to the final amount of ova in the aq reservoir (*M*~∞~). Error bars represent standard deviation of three independent experiments. The dotted line is a quide to the eye.](bm-2008-00913r_0006){#fig6}

The authors would like to thank Sanjoy Sircar and T. Alan Hatton for the use of the DLS instrument and technical assistance. This work was supported by The Institute for Soldier Nanotechnologies at MIT, Team 2.2.2, Contract Number DAAD19-02-D-0002 and the National Defense Science and Engineering Graduate Fellowship. This work made use of the Shared Experimental Facilities supported by the MRSEC Program of the National Science Foundation under award number DMR 02-13282.

Detailed explanation and calculation of molecular-level micelle length scales and comparison to literature values. This material is available free of charge via the Internet at <http://pubs.acs.org>.

Supplementary Material
======================

###### 

bm800913r_si_001.pdf

[^1]: Department of Chemical Engineering.

[^2]: Department of Materials Science and Engineering.

[^3]: Koch Institute for Integrative Cancer Research.

[^4]: Department of Biological Engineering.
